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ABSTRACT 
Delay timing is an important blast design parameter. A number of investigations have shown 
that optimisation of delay timing has positive impacts on fragmentation. One of the engineering 
tools to modify delay timing is electronic detonators. However, in current drill and blast 
operations the application of electronic detonators is limited, as in most cases they are used as 
direct replacement of conventional detonators. One of its major function, delay timing system, 
is not fully utilized. The current practice of choosing delay timing is purely based on rules of 
thumb and experience. Limited studies have been conducted to investigate how delay timing 
influences blast outcomes. No approaches have been developed to adequately incorporate the 
modification of delay timing, into blast design process. 
An opportunity exists to incorporate 4D energy distribution analysis in blast design process. 
This research project will develop an approach to utilise the potential of electronic detonators, 
by incorporating concepts of minimum response time, energy cooperation, cooperation time 
window and delay timing. Conclusions have been made from the research of these concepts. 
Smaller dt/Tmin ratio induces finer mean fragment size and energy cooperation. The dt/Tmin 
ratio has to be greater than zero and less than one to induce optimum cooperation. If the energy 
cooperation induced by post detonation hole-to-hole gas and pressure interaction is higher, the 
resulting fragmentation will be improved.  
By conducting back analysis of an existing surface bench blast design using 4D energy 
distribution analysis mode in JKSimblast, 4D energy distribution criteria was developed to 
visualise and quantify the required energy cooperation that ensures adequate blast bench floor 
and fragmentation. The proposed approach incorporates modification of delay timing and the 
4D energy distribution criteria. The approach was found to be practical based on assumptions 
made in the research, as it was tested with a sample blast design. With the help of the approach 
developed, the utilisation of electronic detonator’s delay timing system can be improved in 
surface blasts. The advantage of such approach is potentially saving blast and drilling costs, by 
increasing energy cooperation through the modification of delay timing. This avoids using 
excessive amount of explosive to achieve desirable blast outcomes. 
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It is necessary to conduct further studies to fully test the practicality and feasibility of the 
approach developed. This includes developing more criteria, conducting studies and developing 
an approach of incorporating delay timing modification for underground blasts etc. 
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1. INTRODUCTION 
1.1 BACKGROUND 
A desirable blast design should result in adequate fragmentation as blast outcome. To achieve 
the target fragmentation, multiple design parameters have to be optimised in blast design 
process. Delay timing is one of the important parameters that have influence on fragmentation. 
In current blasting operations, delay timing is controlled by detonators. Electronic detonators 
have higher accuracy than non-electric detonators (Miller and Martin, 2007). The difference of 
an electronic detonator (or digital detonator as called in Figure 1) compare to a conventional 
pyro delay detonator (non-electric) is that the delay timing is not governed by the burning time 
of pyrotechnic compounds. Electronic detonators induce delay timing by using a quartz clock 
contained within a central processing unit on a printed circuit board (PCB). In general, 
electronic detonators have the advantages of better accuracy and precision, flexible 
programmability, more complexity and better communication. 
 
Figure 1. Comparison of Pyrotechnic Detonators and Electronic/Digital Detonators (Miller and Martin, 2007). 
1.2 PROBLEM DEFINITION 
The current application of electronic detonators is limited however, as they are tend to be used 
as direct replacement of conventional non-electronic detonators. One of its major function, 
delay timing system, is not fully utilized. The current practice of choosing delay timing is purely 
based on rules of thumb, empirical guidelines and experience (Onederra and Esen, 2003). 
Limited studies have been conducted to investigate how delay timing influences blast outcomes. 
No approaches have been developed to adequately incorporate the modification of delay timing 
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into blast design process, by using electronic detonators. However, 4D energy distribution 
analysis provides an opportunity to develop an approach to utilise the potential of electronic 
detonators, by incorporating concepts of minimum response time, energy cooperation, 
cooperation time window and delay timing into blast design process. This analysis is conducted 
with the help of JKSimblast – 2D Bench software, as this software uses an algorithm to calculate 
dynamic explosive energy distribution by considering delay timing as the fourth dimension 
(JKTech, 1998).  
1.3 SIGNIFICANCE AND RELEVANCE TO INDUSTRY 
The advantage of such approach is potentially saving blast and drilling costs, by increasing 
energy cooperation through the modification of delay timing. By increasing hole to hole energy 
cooperation, the fragment size may be smaller. Fragmentation has direct impacts on loader 
efficiency, downstream mill throughput, material movement and hence costs (Singh, Glogger 
and Willock, 2001; La Rosa et al, 2015; Muller, Hausmann and Niedzwiedz, 2009; Strelec, 
Gazdek and Mesec, 2011). Singh, Glogger and Willock (2001) stated that smaller mean 
fragment size would increase the mass of muck, which the loader can carry each cycle. This 
directly increases the rate of transporting mill to the processing plant and hence mill throughput. 
According to the Goldfields Cerro Corona project conducted by La Rosa et al (2015) that due 
to finer fragmentation, the performance of the entire circuit was significantly improved with 
approximate 19.4% increase in overall mill throughput. If the fragmentation of a blast design 
does not meet the requirement, the approach of incorporating modification of delay timing can 
avoid using excessive amount of explosive (avoid higher costs on explosives) to achieve these 
desirable blast outcomes. In another way, by using the approach developed, the modification of 
delay timing has the potential to increase energy cooperation, improve fragment size and hence 
increase downstream industry performance.  
1.4 AIMS AND OBJECTIVES 
The aim of the research project is to develop an approach that incorporates modification of 
delay timing into blast design process with the help of 4D energy distribution analysis. 
Objectives to be achieved include: 
 Back analysing an existing blast design  
 Developing 4D energy distribution criteria  
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 Developing a flowchart for the approach 
 Testing the approach 
To ensure that the project achieves the aims and objectives, a risk assessment and management 
plan is attached in Appendix F: Project Risk Assessment and Management. 
1.5 SCOPE OF WORK 
To achieve the primary objectives of the investigation, following tasks have to be completed: 
 Literature research on investigating current practices and studies of incorporating timing 
into blast design; 
 Determine how inter-hole delay timing influences hole to hole energy cooperation; 
 Conducting back-analysis and collect data from existing surface bench blasts, by using 
JKSimBlast software’s 4D energy distribution analysis mode; 
 Determine critical factors which help developing 4D energy distribution criteria; 
 Determine indices to check results against criteria; 
 Develop a flowchart of the approach; and 
 Test the approach with a sample blast design from JKSimblast’s file. 
1.6 CONSTRAINTS AND ASSUMPTIONS 
Constraints and assumptions are made in this research project: 
 The approach is an empirical model; this means the practicality and feasibility of the 
approach still requires more tests and studies if the research project is not able conduct 
enough; and 
 The sensitivity and accuracy of the algorithms used in JKSimblast are limited; the 
results of 4D energy distribution may vary. 
Further assumptions will be made throughout the report. 
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1.7 OUTLINE OF RESEARCH PROJECT 
An outline of the research project is provided for convenience of reading: 
 Chapter 1: Introduction of the research project, including aim and objectives. 
 Chapter 2: Literature review on some fundamentals of rock breakage mechanism in 
blasting, delay timing selection in blast design process, including the concepts of 
minimum response time (Tmin), cooperation time window (Tc) and inter-hole delay 
timing (dt); literature review on the impacts of delay timing and dt/Tmin ratio on 
fragmentation; 
 Chapter 3: Description of the concept of 4D energy distribution and the way to display 
it; 
 Chapter 4: The research methodology developed to help developing an approach to 
incorporate modification of delay timing into blast design process; 
 Chapter 5: Back analysis and results, including raw results, raw results selection and 
manipulation, summarised results, 4D energy distribution criteria, the final approach 
developed to incorporate modification of delay timing in blast design, testing of 
approach and possible constraints; and 
 Chapter 6: Conclusions of the research project which summarise the findings that have 
been reported in each chapter; recommended future works are also listed. 
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2. LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter is the literature review on some fundamentals of rock breakage mechanism in 
blasting, current practices of selecting delay timing in blast design process, including empirical 
guidelines and rules of thumb studied and summarised in the previous studies. Apart from these 
current practices, previous studies on the concepts of minimum response time (Tmin), 
cooperation time window (Tc) are also reviewed, as they are key timing inputs that influence 
delay timing selection. The impacts of delay timing and dt/Tmin ratio on fragmentation are 
reviewed as well. The concept of optimum inter-hole delay timing is introduced, as well as its 
relationship to the size of fragmentation. The concept of dt/Tmin ratio is also introduced to 
demonstrate the significant role of minimum response time in determining optimum inter-hole 
delay timing. Based on Onederra (2007a)’s previous studies, the correlations amongst 
fragmentation size, dt/Tmin ratio and hole to hole energy cooperation during rock breakage 
process, are also determined.  
2.2 ROCK BREAKAGE MECHANISM IN BLASTING 
The rock breakage process starts with the detonation of explosives. Once the charge is 
detonated, the energy stored in the explosive is converted into mechanical energy (Pal Roy, 
2005). Research have shown that only about 10 % of total energy is converted into kinetic 
energy that contributes to burden acceleration and movement (Furtney, Sellers and Onederra, 
2012). The shock wave from the charge results in the compressive waves and tangential strains 
to crush rock mass near the borehole. The shock also induces tensile hoop stress, which causes 
radial racking. This process in shown in Figure 2 (a) (Pal Roy, 2005).  The expanding gas from 
explosive fills up the cracks caused by strain waves. The gas pressure is then remains 
equilibrium with the strains until the fracture and stemming venting occurs, which causes 
energy loss. The venting and energy loss releases strain in the rock mass and cause rapid 
destressing and failure. This process is indicated in Figure 2 (b) that venting occurs through the 
“relief-of-load fractures”. As the shock wave reaches the free face, it is reflected as tensile wave 
as seen in Figure 2 (b). Theoretically, this tensile strain wave has the potential to provide 
considerable breaking effect and cause spalling on free face, as the rock mass’s tensile strength 
is less than its compressive strength (Pal Roy, 2005). However, the spalling effect does not 
occur in practice due to possible reasons such as internal discontinuities. Finally in Figure 2 (c), 
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due to the rapid destressing and failure of rock mass caused by high-pressure explosive gases, 
the burden is accelerated and moved by the kinetic energy.  
 
Figure 2. Rock Blasting Breakage Process (Pal Roy, 2005). 
Furtney, Sellers and Onederra (2012) have introduced a burden movement model that 
incorporate the time-cale of the rock breakage process. The model was developed based on a 7 
m long, 10 cm diameter ANFO explosive in week rock. Figure 3 shows the change of energy 
partition and borehole pressure during the breakage process. The graph is separated into two 
sections. The model of burden movement is on the right hand side of the dash line. On the left 
hand side, it is the FLAC model which is used to describe energy in near-field rock mass.  
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Figure 3. Energy Partition and Borehole Pressure vs. Time in Burden Movement Model (Furtney, Sellers and 
Onederra, 2012). 
As the increasing fracture and stemming venting causes rapid rock mass failure, the kinetic 
energy of accelerating and moving the rock increases. This is reflected from Figure 3, that when 
energy of venting increases from 0.5 ms to 10 ms after detonation, the kinetic energy of moving 
the burden significantly increases from 0.5 ms to 1 ms as shown in Figure 3. This results in 
rapid acceleration of burden. Between 1 ms and 10 ms, the acceleration is decreased. At 
approximately 100 ms, burden acceleration is finished and the burden movement kinetic energy 
reaches the steady state, as well as venting energy.  
The time scale above is for a single hole blast. It is assumed that if a nearby hole is blasted when 
the burden in previous is still accelerating, the burden acceleration from two blasts can 
cooperate. For example, the burden acceleration finishes at 100 ms in first blast. If the second 
blast is detonated before the first hole’s acceleration finishes (ie. 2nd hole detonated at 30 to 50 
0.5 ms 
1 ms 10 ms 100 ms 
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ms), the kinetic energy from first hole can also accelerate second hole’s burden. In the same 
way, the kinetic energy from second hole can accelerate the burden from first hole. To achieve 
this energy cooperation, the appropriate delay timing has to be selected.  
2.3 DELAY TIMING SELECTION IN BLAST DESIGN 
2.3.1 Current Practices 
Delay timing is defined as the time interval between detonations (Bender, 1999). There are two 
types of delay timing, inter-hole and inter-row. Inter-hole delay timing is the time interval 
between holes in the same row. Inter-row delay timing is the time interval between rows. Figure 
4 below is a sample surface bench blast design showing the layout of inter-hole delay and inter-
row delay.  
 
Figure 4. Inter-hole Delay Timing and Inter-Row Delay Timing. 
The current practice of selecting delay timing is purely based on empirical guidelines, rules of 
thumb, past field experience and simple rules recommended by competent person (Onederra 
and Esen, 2003). Preliminary design guidelines was studied and summarised by Jimeno et al 
(1995) and Onederra and Esen (2003), including a list of rules of thumb as shown below. 
 Bauer (1980) suggests 5 to 7 ms/m of burden with blast hole diameter from 38 to 
311 mm; 
 Bergmann et al (1974) suggest 3 to 6 ms/m of burden with blast hole diameter from 
38 to 311 mm; 
Initiation Point 
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 Fadeev et al (1987) suggest 4 to 8 ms/m of burden with blast hole diameter from 38 
to 311 mm; and 
 Konya and Walter (1990) proposing delay times of 6-7 ms/m, 4-5 ms/m and 3-4 
ms/m of burden for low, medium and high strength rocks respectively. 
There are limitations of these rules of thumb. The above delay timing ranges are suggested only 
based on blast hole diameter. Other design parameters such as burden, spacing, properties of 
explosive and rock mass, are not considered. Site-specific calibrations are necessary. In 
addition, the rules does not specify whether the timing is for inter-row delay or inter-hole delay. 
Bender (1999) has suggested guidelines for both inter-hole and inter-row delay timing as shown 
below. The detail of these suggestions are attached in Appendix A: Delay Timing Rules Of 
Thumb Suggested by Bender (1999). 
• Inter-hole delay timing: 1 to 5 ms per foot (0.3m) of burden 
• Inter-row delay timing: (2 to 3) * Inter-hole delay timing 
2.3.2 Previous Studies of Delay Timing and Tmin 
Onederra (2007a) has conducted relevant studies, which reflects that a key timing input named 
minimum response time (Tmin) has impacts on delay timing selection. The minimum response 
time Tmin is defined as the time interval between detonation and rock mass material movement 
(Onederra and Esen, 2003). It is a function of explosive type, rock properties, and blast design 
parameters. Onederra and Esen (2003) have introduced an empirical approach to estimate Tmin. 
This approach consists of equations and charts created by Onederra (2007b). The inter-hole 
delay timing (dt) should be greater than zero but smaller than Tmin as much as possible to 
encourage positive interaction for improved breakage and fragmentation. Inter-row delay 
timing should be of the order of 1.5 to 3.0 times the minimum response time to maximise 
material displacement and/or create a loose muckpile (Onederra and Esen, 2003). These 
guidelines can be summarise as the following. 
 Inter-hole delay timing (dt): 0 < dt < Tmin 
 Inter-row delay timing: (1.5 to 3) * Tmin 
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According to JKTech (1998), cooperation time (Tc) can be a value equivalent to the burden 
movement time, which is also defined as the minimum response time (Tmin). Therefore, this is 
expressed as in an equation shown below.  
Cooperation Time (Tc) = Minimum Response Time (Tmin) 
Tc is the time window, which allows the gas and pressure induced energy released from the 
charge of a blast hole to cooperate and interact with energy released from a near-by blast hole. 
Inter-hole delay timing is an important factor that influences energy cooperation between holes 
in a same row. Figure 5 is a visual representatino of the concepts of Tmin, Tc and inter-hole 
delay timing according to the studies conducted by Onederra and Esen (2003).  
 
Figure 5. Visual Representation of Tmin, Tc and dt. When Energy Cooperation Occurs. 
The 1st hole detonates and 2nd hole detonates with a inter-hole delay timing of 15 ms, which is 
shorter than Tmin. The 2nd hole has detonated within the cooperation time window and the 
energy cooperation occurs till the rock mass starts to move. Figure 6 shows the scenario when 
these is no energy cooperation.  
 
Figure 6. Visual Representation of Tmin, Tc and dt. When There Is No Energy Cooperation. 
1) 
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As the inter-hole delay timing is 35 ms, which is longer than Tmin and outside of cooperation 
time window, the interaction of decks reduces significantly to no cooperation due to the 
movement of the rock mass (JKTech, 1998). As the result, this research project will focus on 
how inter-hole delay timing influences blast outcome such as fragmentation and hole to hole 
energy cooperation, as dt has the most influence.  
2.4 DELAY TIMING AND FRAGMENTATION 
2.4.1 Optimum Inter-Hole Delay Timing, Minimum Response Time and Fragmentation 
Onederra and Esen (2003) stated that optimisation of delay timing has positive impacts on 
fragmentation. Hettinger (2015) has conducted field tests in a granite quarry mine in Talbotton, 
GA, USA to compare fragment sizes of D10, Mean, D50, and D90 under different inter-hole 
delay timing. D10, D50 and D90 are the sizes of sieve opening (equivalent to fragment size that 
can pass the sieve) which 10%, 50% and 90% by weight of the sample would pass (Sirveiya 
and Thote, 2013). Mean fragment size is the average size of the fragmented blocks. It was found 
out that blasts with inter-hole delay timing of 25ms has smallest fragment sizes compare to 
delay timings of 0, 1, 4, 10 and 16 ms. However, this is contradicted by Onederra (2007a) who 
stated that as delay timing is increased to a certain range, optimum hole cooperation will occur.  
As inter-hole delay timing is within an optimum range, the detonated blastholes begin to 
cooperate with each other in a constructive manner to produce finer particle sizes and more 
uniform fragmentation distributions (Onederra, 2007a). The single hole firing case occurs when 
blast hole cooperation diminishes due to the long inter-hole delay timing (beyond the optimum 
range). This hence results in coarser fragmentation (Onederra, 2007a). Figure 7 below shows 
that the delay timing can have multiple values within the range instead of one fixed value stated 
by Hettinger (2015). These delay timing values within the range hence results in optimum hole 
cooperation and hence finer fragmentation. 
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Figure 7. Inter-hole delay timing and optimum blasthole cooperation (Onederra, 2007a). 
By correlating the this diagram with the concept of minimum response time, when holes are 
detonated independently (as stated in red square), the inter-hole delay timing is outside of 
cooperation time window (dt > Tmin). Therefore, to create finer fragmentation, the upper limit 
of this optimum hole cooperation range is limited by Tmin as indicated in Figure 7. Due to the 
limited previous field tests and studies, it is still unknown that how small inter-hole delay timing 
can be to induce finer fragmentation within optimum hole cooperation range.  However, there 
are previous studies conducted by Onederra (2007a). The concept of dt/Tmin ratio is 
introduced. It is the ratio of inter-hole delay timing of a particular blast design to the minimum 
response time of the rock mass which is going to be blasted (Onederra, 2007a). According to 
the studies conducted by Onederra (2007a) in next section, this ratio has impact on fragment 
size.  
2.4.2 dt/Tmin Ratio and Fragmentation 
Onederra (2007a) has conducted studies to determine how mean fragment size changes when 
dt/Tmin ratio changes and hence how Tmin impacts hole to hole energy cooperation, as shown 
in Figure 8. 
Tmin 
(Upper Limit) 
??? 
 (Lower Limit) 
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Figure 8. Corrected Mean Fragment Size (mm) vs. dt/Tmin Ratio (Onederra, 2007a). 
The results from Onederra (2007a) have demonstrated that as the dt/Tmin ratio is smaller, the 
mean fragment size is smaller as well. According to Figure 5 in previous section, smaller 
dt/Tmin ratio, better energy cooperation and interaction between holes. If the energy 
cooperation induced by post detonation hole-to-hole gas and pressure interaction is higher, the 
resulting fragmentation can be improved. In another way to understand this, if a blast design 
has induced a certain level of energy cooperation between holes, it may help to achieve 
desirable fragmentation. This conclusion has the potential to be used in evaluating and 
optimising a blast design to ensure the final blast outcome is adequate, by incorporating the 
modification of delay timing system and hence electronic detonators.  
This conclusion is however limited by the value of dt/Tmin ratio according to Onederra and 
Esen (2003)’s study mentioned in Section 2.3.2. The ratio has to be greater than zero and smaller 
than one, as the inter-hole delay timing dt has to be greater than zero and smaller than Tmin. 
There will be no energy cooperation between charges detonated at the same time when zero 
inter-hole delay timing is used (Onederra, 2007a), or a near-by hole is detonated too late when 
rock mass is already started to move (outside of cooperation time window, dt > Tmin). 
2.5 CONCLUSIONS 
In conclusion, the current practices of selecting delay timing in blast design process is purely 
based on empirical guidelines and rules of thumb. The use of these rules of thumb is constrained 
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by single design parameters, such as blast hole diameter or rock properties. It is inappropriate 
to simply input a number from previous experience into a new blast design without considering 
whether it is an optimum choice or not.  The previous studies conducted by Onederra and Esen 
(2003) has provided an initiate point on choosing appropriate delay timings by introducing 
concepts of Tmin, Tc and dt. It is proposed that if inter-hole delay timing dt is smaller than 
minimum response time Tmin, there will be better hole to hole energy cooperation. This 
optimised inter-hole delay timing has positive contribution to fragmentation. If the inter-hole 
delay timing is smaller than minimum response time, the fragmentation is finer. Due to the 
limited previous field tests and studies, it is still unknown that how small inter-hole delay timing 
can be to induce finer fragmentation within optimum hole cooperation range. According to 
Onederra (2007a)’s studies, it was found out that smaller dt/Tmin ratio induces smaller mean 
fragment size and better energy cooperation. Therefore, a correlation is introduced that higher 
hole to hole energy cooperation, the resulting fragmentation will be finer. This has proved that 
Tmin and Tc are key timing inputs in blast design process. However, there is no continuous 
studies on how to incorporate Tmin, Tc and dt/Tmin ratio into blast design process. It is 
necessary to develop an approach to quantify and visualise the changes in energy cooperation 
between holes caused by the changes of Tmin, Tc and dt/Tmin ratio. 4D energy distribution 
analysis mode in JKSimblast provides an opportunity to conduct such process, by incorporate 
concepts of minimum response time, energy cooperation, cooperation time window and delay 
timing discussed previously. 
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3. 4D ENERGY DISTRIBUTION CONCEPT 
3.1 INTRODUCTION 
This chapter describes the concepts of 4D energy distribution and the way to display it. The 
static (3D) energy distribution is introduced first to understand the general concepts of 
explosive energy distribution. It includes how 3D energy distribution is calculated and 
displayed. Dynamic (4D) explosive energy distribution is also introduced, as well as its ways 
to be calculated and displayed. This chapter also demonstrates how the changes of hole to hole 
energy cooperation are visualised by using 4D energy distribution, caused by changing inter-
hole delay timing.  
3.2 GENERAL CONCEPTS OF STATIC (3D) EXPLOSIVE ENERGY DISTRIBUTION 
To understand the concept of 4D energy distribution, it is necessary to understand the general 
concept of static and dynamic explosive energy distribution in blast design. The concept of 
explosive energy distribution is evolved from the idea that a single powder factor could not 
represent the outcomes of rock mass fragmentation of the entire blast, as it does not consider 
the distribution of charges in a given volume of rock mass (Munoz, 2014). JKSimBlast software 
incorporates explosive energy distribution calculation to show a distribution of powder factor 
at different locations of the rock mass. The software incorporates two methods for calculating 
and displaying the distribution of the energy of explosive in 3D space. The methods include 
static (3D) and dynamic (4D) explosive energy distribution. The energy distribution is usually 
express in units of kg/t, kg/m3, MJ/t and MJ/m3 (JKTech, 1998). As it is a static calculation, 
3D energy distribution does not consider timing factor and this results in the assumption that 
all charges are detonated at the same time. Therefore, the static calculation displays the 
maximum energy distribution (JKTech, 1998). The equation below represents the 3D energy 
distribution, which is the extended calculation based on traditional power factor calculation. 
Figure 9 shows the schematic of parameters in the equation.  
P = 187.5 ×
ρe
ρr
× D2 ×
1
h2
× (
L2
r2
−
L1
r1
） 2) 
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Figure 9. Cross Section View of 3D explosive energy concentration at point P (JKTech, 1998). 
JKSimblast displays different levels of explosive energy distribution around a single hole with 
different colour. Figure 10 below is an example visual representation of 3D energy distribution. 
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Figure 10. JKSimblast's Visual Representation of 3D Energy Distribution. 
It is clear to see that around the blast hole, there are circular layers of area in different colours. 
These different colours represent different energy level range, such as 1 to 1.5 kg/t is dark blue 
colour, greater than 5 kg/t is dark red etc. At the same horizontal calculation level, the energy 
level is the same for locations with same distances to the blast hole. As the colour scale is shown 
with a range of energy level (ie. 1 to 1.5 kg/t), the colours representing certain energy level 
shows circular strips of area to include all explosive energy value within that range.  
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3.3 GENERAL CONCEPTS OF DYNAMIC (4D) EXPLOSIVE ENERGY 
DISTRIBUTION 
The static and the dynamic calculation display the explosive energy distribution in the same 
way. Instead of detonating all charges at the same time and displaying the maximum energy 
distribution in 3D method, the 4D method considers delay timing as a fourth-dimensional 
parameter (Munoz, 2014). By detonating with delay timing, the cooperation and interaction of 
the gas and pressure induced energy from one hole to a neighbouring hole may occur. The 
cooperation and interactions can positively contribute to fragmentation (Munoz, 2014).  
To calculate the dynamic energy distribution, a model was developed based on the 3D energy 
distribution. This model incorporates a weighting function shown below that is a function of 
the charge detonation time and cooperation time between charges (JKTech, 1998). This 
function generates a weighting factor. For a particular explosive deck, 3D energy distribution 
is firstly calculated and then multiplied by this weighting factor to calculate dynamic energy 
distribution (JKTech, 1998). Figure 11 below is the graphical model of this weighting factor. 
W = e
(
−|td−tnd|
Tc
)
 
 
Figure 11. Graphical model of weighting function used to estimate 4D energy distribution (JKTech, 1998). 
td is the time the charge deck detonated, tnd is the time the nearest deck to the calculation point 
detonated and Tc is the cooperation time, which is also Tmin. The absolute value of the 
difference between td and tnd is the inter-hole delay timing. From equation 3), it shows that Tc 
affects the value of weighting. As shown in Figure 11, the weighting factor reaches one at a 
particular stage.  
3) 
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If the 3D energy distribution is calculated and multiplied by a weighting factor of one to 
calculate 4D energy distribution, there is no change in the results. This reflects that no energy 
cooperation and interaction occurs as all holes are still detonated at the same time. The 
weighting factor equation is rewritten as following to ensure 4D energy distribution is properly 
calculated, that the weighting factor can never equal to one.  
W = e
−
dt
Tmin , 0 <
dt
Tmin
< 1 
dt is the inter-hole delay timing and Tmin is the minimum response time. dt/Tmin is the inter-
hole delay timing to minimum response time ratio introduced by Onederra (2007a). As it has 
been metioned previously, smaller dt/Tmin ratio will result in finer fragmentation and better 
energy cooperation, as long as this ratio is smaller than 1 but greater than zero (Onederra, 
2007a). Once the dt/Tmin ratio is smaller than one and greater than zero, the weighting factor 
will never equal to one.  
As the dt/Tmin ratio can be reduced within the range of zero to one, inter-hole delay timing can 
also be reduced to induce better energy cooperation while Tc or Tmin is kept constant, as long 
as dt < Tmin. This process has direct impact on the display of visual representation of 4D energy 
distribution in JKSimblast. By decreasing the inter-hole delay timing while Tc is consistent, the 
area of circular strip (coloured with certain energy level) increases. Figure 12 below shows how 
4D energy distribution changes when dt/Tmin ratio is decreased from design A to B. It is clear 
to see the increase of the area of dark blue circular strip (1 – 1.5 kg/t). Therefore, JKSimblast 
can be used to visualise the change in energy cooperation between holes. It helps developing 
4D energy distribution criteria as it can be used to further quantify the percentage of area 
occupied by those circular strips with different energy level. Hence, the concept of 4D energy 
distribution is incorporated in developing an approach to fully utilise the potential of 
modification of inter-hole delay timing and electronic detonators.  
4) 
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Figure 12. 4D Energy Distribution Changes when dt/Tmin is Decreased from Design A to Design B. 
3.4 CONCLUSIONS 
In conclusion, the 4D energy distribution shows the distribution of explosive or explosive 
energy in a given volume of rock mass when holes are detonated with delay timing instead of 
detonating all at the same time. The 4D energy distribution analysis mode in JKSimblast is used 
to visualise hole to hole energy cooperation and the changes of different colours of area 
A  B  
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(representing different energy level), caused by changing inter-hole delay timing and dt/Tmin 
ratio. When the energy cooperation increases, the strips of area occupied by dark blue colour 
(1 – 1.5 kg/t) has increased significantly. It helps developing 4D energy distribution criteria that 
is used to show required percentages of area occupied by different 4D energy level to ensure 
adequate blast outcomes. To develop 4D energy distribution criteria and hence the approach to 
incorporate modification of delay timing into blast design process, detailed research 
methodology will be introduced to further quantify the percentage of area occupied by those 
circular strips with different energy level.  
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4. RESEARCH METHODOLOGY  
4.1 INTRODUCTION 
To develop the proposed approach of incorporating the modification of delay timing into blast 
design process, 4D energy distribution criteria needs to be developed. The purpose of 
developing a criteria is to show the required 4D energy level to achieve adequate blast outcomes 
at different bench levels. The proposed criteria is developed based on the back analysis of a 
successful surface bench blast introduced in this chapter. The process of developing the criteria 
is introduced as well.  
4.2 THE SUCCESSFUL BLAST DESIGN 
The successful blast design is defined to be a design results in adequate fragmentation, adequate 
material movement, uniform fragmentation distribution and adequate bench floor. A surface 
bench blast design is provided by supervisor. The design is a 2D Bench file, which can be 
imported to JKSimblast for 4D energy distribution calculation. Table 1 lists the design 
parameters.  
Table 1. Blast Design Parameter of Back Analysis Surface Blast. 
Parameters Values 
Hole Diameter 222 mm 
Burden X Spacing 6 m x 7 m 
Drill Pattern  Staggered 
Subdrill 1.5 m 
Ave. Hole Length 17 m 
Ave. Charge Length 12 m 
Average Bench Height 15.5 m 
Bottom of Charge Level  5745m 
Bench Material Density (S.G.) 2.5 
Charge Name Titan 4000 
Charge Type Bulk Explosive 
Charge Density (S.G.) 1.1 
Velocity of Detonation 4700 m/s 
Charge Energy 2.8 MJ/kg 
Major Inter-row Delay 109 ms 
Major Inter-hole Delay (dt) 25 ms 
 
Figure 13 below shows the bench layout and hole distribution of back analysed blast. The purple 
boundary lines (blast boundary) are drawn to form the area where 4D energy distribution 
calculation will be conducted. This area has to be limited to generate appropriate results. The 
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approximate perpendicular distance between north and south boundary lines and the nearest 
rows of holes is assumed to be half the burden distance. The approximate perpendicular distance 
between east and west boundary lines and the nearest columns of holes is assumed to be half 
the spacing distance. If there is no limit, the energy distribution will be calculated based on all 
rock mass displayed, including the area where no blast holes are drilled (ie. blank space in NE 
and SW direction).  
 
Figure 13. Back Analysis Blast Bench Layout and Hole Distribution. 
Once this design file is imported into JKSimblast and the boundary lines are drawn, 4D energy 
distribution calculations can be conducted.  
4.3 DEVELOPING 4D ENERGY DISTRIBUTION CRITERIA USING BACK 
ANALYSIS 
The back analysis under the case of developing 4D energy distribution, is defined as conducting 
4D energy distribution calculations in JKSimblast using the given design parameters in this 
successful blast. As the design file including all parameters are imported to JKSimblast, it is 
not necessary to manually input design parameters lists previously. However it is required to 
input parameters into JKSimblast’s 4D energy distribution calculation user interface. The 
parameters include calculation grid resolution, rock SG, horizontal plan level and cooperation 
time window. The cooperation time window is set to 10 ms for the first scenario of 4D energy 
distribution calculations. In this first scenario, 4D energy distribution is calculated at different 
horizontal plan levels along the charge length and the bench height as shown in Figure 14. This 
Blast Boundary 
No holes are drilled here 
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includes different levels from 5743.5 m to 5758 m, such as mid-bench level (5752.9 m) and 
grade level (5745 m, bench floor level). The numbers shown are the elevations above sea level 
(8 levels in total). Vertical section views are not considered as the calculations do not provide 
4D energy distribution for all blast holes. 
 
Figure 14. Charge and Bench Layouts and Different 4D Energy Calculation Levels (above Sea Level). 
4D energy distribution calculations at the horizontal levels mentioned above are conducted with 
6 more scenarios with cooperation time windows of 20, 30, 40, 50, 60 and 70 ms (10 ms 
15.5 m Bench Height 
12 m Bulk Explosive 
1.5 m Subdrill 
Mid-Bench Level 
    Grade Level  
(Bench Floor Level) 
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increments). By increasing the cooperation time window width, dt/Tmin ratio is decreased when 
the inter-hole delay timing dt is kept constant at 25 ms. This method is equivalent to keeping 
Tmin constant while dt is decreasing. By gradually increasing cooperation time window, the 
correlation between dt/Tmin ratio and 4D energy distribution can be determined. According to 
research mentioned previously, the inter-row delay timing is approximately 1.5 to 3 times Tmin 
to achieve adequate material movement. Through back analysis with this rule, the maximum 
possible Tmin for the rock mass in back analysis design is 72.66 ms. As the result, the 4D energy 
distribution calculations of 80 ms or longer cooperation time windows are not conducted. The 
case with 0 ms cooperation time window is also not calculated as this indicates that delay timing 
is not used and all blast holes are detonated at the same time. As the result, there are seven 
scenarios (7 cooperation time windows); each scenario includes 4D energy distribution 
calculation at eight different levels. In total, there are 56 calculations to be conducted. To keep 
the display of raw results consistent, the raw results and visual representations of each 
calculation are displayed using the same 4D energy ranges and colour scale in Section 5. 
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5. BACK ANALYSIS AND RESULTS  
5.1 INTRODUCTION 
Based on the research methodology discussed previously, this chapter demonstrates results 
generated from back analysis with the help of 4D energy distribution calculation. The raw 
results are described to understand the definitions of energy ranges, data % and coloured scale. 
The raw results are then selected and manipulated according to requirements based on bench 
levels and index 4D energy range. The selected results are summarised and plotted into graphs 
in Excel. These graphs are discussed and analysed. Three 4D energy distribution criteria are 
developed based on the plotted graphs. The approach of implementing the three 4D energy 
criteria with modification of delay timing in blast design process, is also developed and it is 
displayed by a flowchart with descriptions. To test the practicality and feasibility of the 
approach developed, a sample blast is evaluated using this approach. Constraints of this 
approach is also discussed. 
5.2 DESCRIPTION OF RAW RESULTS 
The raw results are the direct results generated by JKSimblast after every 4D energy distribution 
calculations. These are individual results of 4D energy distribution for particular combinations 
of horizontal plan level and cooperation time window. For example, Figure 15 shows the raw 
results of 4D energy distribution, when the calculation is conducted at horizontal plan level of 
5750.3 m with cooperation time window of 30 ms. On the left hand side of Figure 15, it shows 
different 4D energy ranges/levels from < 1 kg/t to ≥ 5 kg/t as indicated in the red square. These 
ranges are also represented in corresponding coloured scale shown on the right hand side. As it 
has been mentioned previously, the same energy ranges and coloured scale is used for the 
display of raw results under other scenarios as well. 
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Figure 15. Raw Results for 4D Energy Distribution Calculation (Level 5750.3 m & 30 ms Tc) 
The column indicated in orange square (“Data %”) shows the percentages of area occupied by 
different 4D energy ranges/levels, within the blast bench boundary lines. This column of data 
is the distribution of 4D energy under the scenario of level 5750.3 m and 30 ms Tc. Figure 16 
is the visual representation of this distribution. By inspecting both the raw 4D energy 
distribution results in Figure 15 and the visual representation of results in Figure 16, it is clear 
to see that the energy level is the highest (≥ 5 kg/t, dark red) near the centres of blast holes, as 
the distance to explosive is very short. However, 4D energy level ≥ 5 kg/t only occupies 12% 
of the total area within the blast boundary. It is the third largest percentage of area. The energy 
range of < 1 kg/t occupies the first largest area (40.3%, light purple) and the energy range of 1 
– 1.5 kg/t occupies the second largest area (19.6%, dark blue).  
 _______________________________________________________________________________________28 
 
 
 
Figure 16. Visual Representation of 4D Energy Distribution (Level 5750.3 m & 30 ms Tc). 
The raw results under other scenarios (different Tc and horizontal plan levels) are attached in 
Appendix B: Raw Results under Different Scenarios. By analysing all raw results except 
scenarios with level 5758 m , it has been found out that the percentages of area occupied by 
energy ranges of < 1 kg/t is always the first highest. Percentage of area occupied by energy 
ranges of 1 – 1.5 kg/t is always the second highest. Percentage of area occupied by energy 
ranges of ≥ 5 kg/t is always the third highest. The scenarios with horizontal plan level of 5758 
m have shown that energy range of < 1 kg/t occupied almost 100% of the area within blast 
boundary. At this level, there are not explosives appear refer to the charge/bench layout 
displayed in Figure 14, Section 4. Most of the 4D energy at this level is transferred from the 
limited amount of explosives at the collar of charge, which is about 3 m below. As the result, 
there is no effective energy releasing process at this level. Therefore, the raw results from 
scenarios with level 5758 m will not be included in further processing and summarization.  
5.3 RAW RESULTS SELECTION 
Before the raw results are summarised and plotted, it is necessary to manipulate raw results and 
select the most appropriate results. The purpose is to make 4D energy distribution criteria 
concise and reasonable at the same time.  
5.3.1 Raw Results Selection Based on Horizontal Plan Level and Averaging Manipulation 
There are eight horizontal level plan level for 4D energy distribution calculation in the raw 
results. To summarise the results into concise form, the mid-bench level (5752.9 m) and grade 
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level (5745 m, bench floor level) are selected. With appropriate 4D energy distribution on the 
mid-bench level, there will be adequate fragmentation once blasted. Similar to the grade level 
(bench floor level), appropriate 4D energy distribution ensures an adequate bench floor. 
Appendix C: Raw Results Selection Based on Mid-bench Level and Grade Level lists the steps 
of a sample results selection of 4D energy range <1 kg/t based on mid-bench level (5752.9 m) 
and grade level (5745 m).  
Apart from selecting results from the two separated levels, results manipulation is also 
conducted in Excel. This manipulation averages the percentages occupied by a particular 4D 
energy range at different level (5473.5 m to 5755.5 m) with different cooperation time window. 
The purpose of conducting such manipulation is to determine the appropriate 4D energy 
distribution  required to result in adequate fragmentation not only at a single level on the bench, 
but also multiple levels with the existence of explosives. The steps of conducting manipulations 
and the graph showing how results are displayed after manipulation are attached in Appendix 
D: Raw Results Manipulation – Averaging 4D Energy Range Percentages.  
5.3.2 Results Selection Based on Index Energy Range 
The index energy range is the 4D energy range that has the most influence on blast outcome. It 
is assumed that this energy range occupies the highest percentage of area within the blast 
boundary and induces positive and adequate contribution to rock breakage process. It is also 
assumed that once there is appropriate level of index energy range, all other energy ranges of 
4D energy distribution are appropriate as well. As the result, the selection of raw results will be 
more concise, that the results are only selected with this single index energy range.  
 
From the discussion in Section 5.2, energy ranges of < 1 kg/t, 1 – 1.5 kg/t and ≥ 5 kg/t occupies 
the 1st highest, 2nd highest and 3rd highest percentages of area within blast boundary 
correspondingly. However, the results of energy range <1 kg/t (Figure 25, Appendix D: Raw 
Results Manipulation – Averaging 4D Energy Range Percentages) have shown that when 
cooperation time window increases, its average percentage of area along the charge decreases. 
As it has been discussed previously, when the cooperation time window increases, the dt/Tmin 
ratio decreases and hence energy cooperation increases. Reversely, if the percentage of area 
occupied by energy range <1 kg/t increases, cooperation time window is smaller, dt/Tmin ratio 
increases and hence energy cooperation between holes decreases. Therefore, the 4D energy 
value below 1 kg/t has negative impact to blast outcome and it will not adequately contribute 
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to rock breakage process. As the result, energy range of < 1 kg/t cannot be selected as the index 
energy, even though it occupies the 1st highest percentage of area. Energy range occupies the 
2nd highest percentage of are, 1 – 1.5 kg/t is then selected as the index energy range.  
5.4 FINAL SUMMARISED RESULTS – 4D ENERGY DISTRIBUTION CRITERIA 
As the raw results are selected and manipulated and the index energy range is decided, the final 
results are summarised and plotted according to the steps lists in Appendix C: Raw Results 
Selection Based on Mid-bench Level and Grade Level and Appendix D: Raw Results 
Manipulation – Averaging 4D Energy Range Percentages. Figure 17, Figure 18 and Figure 19 
shows three graphs of the summarised results. These graphs are also the three 4D energy 
distribution criteria, as they indicate the required 4D energy (index energy level) to ensure 
adequate bench floor and fragmentation.    
 
Figure 17. 4D Energy Distribution Criteria for Adequate Fragmentation on Multiple Levels. 
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Figure 18. 4D Energy Distribution Criteria for Adequate Bench Floor on Grade Level. 
  
Figure 19. 4D Energy Distribution Criteria for Adequate Fragmentation on Single Level (Mid-Bench). 
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The summarised results in the three graphs above indicate that when the cooperation time 
window is wider, the percentage of 4D energy within the index energy range is higher. As 
cooperation time window is equivalent to minimum response time, the results have proven the 
concepts mentioned previously, that smaller dt/Tmin ratio, better energy cooperation between 
blast holes. Therefore, higher percentages of index 4D energy represents better energy 
cooperation.  
The 4D energy distribution criteria requires the percentages of index energy to be high enough 
to ensure adequate energy cooperation and hence blast outcomes. This requirement is depended 
on the cooperation time window, or the minimum response time of rock mass. For every range 
of minimum response time, there is a corresponding range of percentage of area occupied by 
index energy 1 – 1.5 kg/t. This is the index energy requirement to achieve adequate bench floor 
or fragmentation.  
To understand how to use the three criteria better, the criteria (Figure 19) that ensures adequate 
fragmentation on mid-bench level is used as an example. If the rock mass’s minimum response 
time is 30 ms to 40 ms, in order to achieve adequate fragmentation on mid-bench level, the 
required percentage of area occupied by index energy should be 17% to 18.5% (as indicated by 
purple arrows) within the blast boundary. This means, if the index energy 1 – 1.5 kg/t only 
occupies 15% of area, which is less than 17%, it does not meet the requirement and energy 
cooperation will be insufficient, as well as fragmentation.  
The other two 4D energy distribution criteria, bench floor criteria and fragmentation criteria on 
multiple levels are used in the same way. Again, for the same rock mass with Tmin of 30 ms to 
40 ms as the example, the requirement for index energy 1 – 1.5 kg/t to ensure adequate bench 
floor is 15.6% to 16.8% according to Figure 18. To ensure adequate fragmentation on multiple 
levels along the charge, the requirement of index energy is 16.5% to 17.8% according to Figure 
17.  
5.5 THE APPROACH OF IMPLEMENTING THE CRITERIA WITH MODIFICATION OF 
DELAY TIMING IN BLAST DESIGN PROCESS 
Figure 20 below is a flowchart that displays the approach of incorporating the modification of 
delay timing into blast design process, by using 4D energy distribution criteria developed 
previously.  
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Figure 20. Approach Flow Chart of Incorporating 4D Energy Distribution Criteria and Modification of Delay 
Timing in Blast Design Process. 
In general, to evaluate a blast design using 4D energy distribution criteria developed, the 
minimum response time of the rock mass that will be blasted, has to be determined first. The 
cooperation time is also determined at the same time. The parameters of the proposed blast 
design is input into JKSimblast. In the 4D energy distribution analysis mode, input the density 
of rock mass, cooperation time window and horizontal levels where the calculation will be 
conducted. Conduct calculation and record the percentage of area occupied by index energy 
range 1 – 1.5 kg/t at mid-bench level and grade level. Select other horizontal levels (toe, collar, 
middle of the charge and other two or three random levels with explosive’s existence) along the 
charge, and conduct 4D energy distribution calculations. Manipulate the results by averaging 
the percentages of area occupied by index energy range 1 – 1.5 kg/ from each level. Compare 
the two the percentages of 4D energy 1 – 1.5 kg/t on mid-bench and grade levels and the 
averaged percentage against the three criteria developed. The three criteria will show the 
required percentages of 4D energy 1 – 1.5 kg/t corresponding to the cooperation time 
determined.  
Determine Tmin
Conduct 4D Energy 
Distribution Analysis for 
the Proposed Design in 
JKSimBlast
Check Results Against 
Criteria 
*Optimise the Design (ie. 
Modify Inter-hole Delay 
Timing Subject to 
Environmental 
Constraints)
Results Match Criteria –
Adequate Energy 
Cooperation
*when 4D energy 
distribution results not 
matching the criteria 
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If the actual percentages after calculation match with the percentages given by the criteria, the 
proposed design will induced adequate energy cooperation and hence adequate fragmentation 
and bench floor. If the actual percentages do not match the criteria’s percentages, the 
modification of inter-hole delay timing will be conducted. The modification of delay timing is 
continued until the actual percentages of 1 – 1.5 kg/t match the three criteria. An example inter-
hole delay timing modification is conducted in next section to show how this approach is 
proceeded.  
5.6 AN APPLICATION OF USING THE APPROACH 
A sample blast design is optimised by using the approach of incorporating 4D energy 
distribution criteria and the modification of inter-hole delay timing. The design parameters and 
drill hole pattern layout (squared) are different from the back analysis design (staggered). The 
purpose of selecting such sample design is to test whether the approach is still practical when 
it is used in different mines, as the designs can be very different. The design parameters of this 
blast is attached in Appendix E:. It is assumed that the average and bench-floor 4D energy 
distribution have already matched the criteria. As the result, this example of using the approach 
only demonstrate modifying dt to match the actual percentage to the required percentage of 
index energy 1 – 1.5 kg/t that ensure adequate fragmentation at mid-bench level. Tc of this 
design is assumed to be 30 ms. Figure 21 below shows the visual representations of 4D energy 
distribution of the sample blast at mid-bench level with dt equal to 50 ms. 
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Figure 21. 4D Energy Distribution of Sample Blast When dt = 50 ms and Scale. 
According to the criteria developed previously, to ensure adequate fragmentation at mid-bench 
level, the required percentage of index energy 1 – 1.5 kg/t is 17% for a minimum response time 
of 30 ms. However, the actual percentage is only 14.6% as shown in Figure 22, which is below 
the criteria’s value.  
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Figure 22. Actual Percentage of Index Energy 1 – 1.5 kg/t at Mid-bench Level when dt = 50 ms. 
Modification of inter-hole delay timing is necessary to increase this percentage. dt of this design 
is then decreased from 50 ms to 9 ms. Figure 23 below shows the visual representations of 4D 
energy distribution of the sample blast at mid-bench level with dt equal to 9 ms. It is obvious 
that the area occupied by the dark blue energy level , which is the index energy of 1 – 1.5 kg/t, 
has increased compare to Figure 21.  
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Figure 23. 4D Energy Distribution of Sample Blast When dt = 9 ms and Scale. 
As the result of decreasing inter-hole delay timing from 50 ms to 9 ms, the new percentage of 
index energy is now 17.4%, which is slightly above the criteria’s requirement to generate 
adequate fragmentation at mid-bench level. Figure 24 below shows this new result after delay 
timing modification.  
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Figure 24. Actual Percentage of Index Energy 1 – 1.5 kg/t at Mid-bench Level when dt = 9 ms. 
As the 4D energy distribution results have met the required index energy 1 – 1.5 kg/t in all three 
criteria (two assumed, average and bench-floor), it is proposed that this design after inter-hole 
delay timing modification will generate adequate bench floor and fragmentation. Based on the 
assumptions made previously in Section 5.6, this process of inter-hole delay timing 
modification has proven that it is practical to utilised the potential of electronic detonator’s 
delay timing system by using the approach developed in Section 5.5.   
5.7 CONSTRAINTS OF THE APPROACH 
As the 4D energy distribution criteria is developed based on the back analysis of a surface bench 
blast, the approach developed to incorporate modification of inter-hole delay timing may only 
be suitable for surface mines. This approach may also not suitable to be used if the rock mass 
is too strong. In order to achieve adequate fragmentation, the effect of increasing index energy 
by decreasing delay timing may be limited for a strong rock mass. Even though the inter-hole 
delay timing is decreased to the smallest possible value, it is still possible that the index energy 
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cannot match with the criteria’s requirement. Also in regarding to decreasing inter-hole delay 
timing, due to the limited tests and studies, it is still unknown that how small inter-hole delay 
timing can be to induce greatest possible energy cooperation. Further studies are required to 
investigate other possible constraints and possible ways to minimise the constraints’ impacts. 
5.8 CONCLUSIONS 
In conclusion, this chapter has developed three 4D energy distribution criteria based on the 
graphs of final results summarized and plotted on different bench levels (mid-bench level, grade 
level and average along the charge) within index energy range of 1 – 1.5 kg/t. The three criteria 
has proven the hypothesis proposed previously that smaller dt/Tmin ratio, better energy 
cooperation between blast holes. Therefore, higher percentages of index 4D energy represents 
better energy cooperation. By using the 4D energy distribution criteria developed, the approach 
of implementing the three 4D energy criteria with modification of delay timing in blast design 
process is also developed and tested to practically utilise the potential of electronic detonator’s 
delay timing system. There are constraints in this approach and the criteria that it may only be 
suitable for surface bench blasts and rock masses that are not too strong. Also, due to the limited 
studies, it is still unknown that how small inter-hole delay timing can be to induce finer 
fragmentation within optimum hole cooperation range. 
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6. CONCLUSIONS AND FUTURE WORK 
The research project - Evaluation and Potential Application of 4D Energy Distribution Analysis 
in Blast Design has focused on developing an approach to incorporate delay timing into blast 
design process, by using 4D energy distribution analysis. The aim and objectives of this 
research project have been achieved based on the scope, constraints, assumptions, results and 
analysis. 
Literature research was conducted to review current practices of incorporating delay timing 
selection in blast design process, and previous studies on concepts of minimum response time 
(Tmin), cooperation time window (Tc) and inter-hole delay timing (dt). The concept of hole to 
hole energy cooperation and 4D energy distribution were introduced and discussed as well.  
From the literature research, following conclusions were made. Smaller dt/Tmin ratio induces 
finer mean fragment size and energy cooperation. The dt/Tmin ratio has to be greater than zero 
and less than one to induce optimum cooperation. If the energy cooperation induced by post 
detonation hole-to-hole gas and pressure interaction is higher, the resulting fragmentation will 
be finer. The 4D energy distribution analysis mode in JKSimblast can be used to visualise and 
quantify the energy cooperation with the concepts of Tmin, Tc and dt.  
The concepts and the conclusions from literature research are utilised in developing the 4D 
energy distribution criteria and hence the approach of incorporating modification of inter-hole 
delay timing. Three 4D energy distribution criteria are developed based on the back analysis of 
an existing blast design that has adequate blast outcomes. These criteria shows the required 
percentages of index energy 1 – 1.5 kg/t under certain cooperation time window.  
The proposed approach of improving the utilisation of electronic detonators was developed. 
This approach uses the 4D energy distribution criteria to evaluate and optimise proposed blast 
designs and ensure adequate bench floor and fragmentation, by modifying inter-hole delay 
timing. The approach was found out to be practical based on assumptions made during the 
research process, as it was tested by optimising a sample blast design to increase the index 
energy from 14.6% to 17.4%, where the desired value is 17% to ensure adequate fragmentation 
at mid-bench level.  
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Continuous studies of this research project is required to fully test the practicality and feasibility 
of the approach developed to incorporate 4D energy distribution criteria and modification of 
inter-hole delay timing. The recommended aspects include: 
 By using the same sample design mentioned previously, testing the approach with all 
three criteria instead of only testing one and assuming that other two have already met 
the required index energy; 
 Developing 4D energy distribution criteria which ensures the uniformity of 
fragmentation and test the approach again; 
 Investigating on how small the dt/Tmin ratio and dt can be; 
 Conducting tests to investigate any environmental constraints, such as vibration induced 
by better hole to hole energy cooperation when delay timing is changed; 
 Investigating other possible constraints of the approach developed and possible ways to 
minimise the constraints’ impacts; 
 Testing the approach with a different design; it is better if this is an existing or proposed 
design in a real mine site; 
 Conducting research on design process of underground blasts (ie. drawbell blasts), 
including current practices of selecting delay timing; 
 Investigating on the concepts of minimum response time, cooperation time window and 
4D energy distribution in underground blasts; 
 Determining how delay timing, Tmin and Tc influence blast outcomes such as 
fragmentation and uniformity of fragmentation in underground blasts; 
 Developing 4D energy distribution criteria for underground blasts and testing the same 
approach of modifying delay timing to see if it is possible to fully utilised electronic 
detonator’s delay timing system. 
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APPENDICES 
APPENDIX A: DELAY TIMING RULES OF THUMB SUGGESTED BY BENDER (1999) 
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APPENDIX B: RAW RESULTS UNDER DIFFERENT SCENARIOS  
Cooperation Time Window = 10 ms 
Table 2. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 10 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 68.70004 
 1 – 1.5 10.28758 
 1.5 – 2 5.243426 
 2 – 2.5 3.159308 
5743.5 2.5 – 3 2.130919 
 3 – 3.5 1.499107 
 3.5 – 4 1.143666 
 4 – 4.5 0.875916 
 4.5 – 5 0.694378 
 > 5 6.218856 
 < 1 53.36979 
 1 – 1.5 13.62695 
 1.5 – 2 7.332964 
 2 – 2.5 4.586736 
5745 2.5 – 3 3.187142 
 3 – 3.5 2.32773 
 3.5 – 4 1.791736 
 4 – 4.5 1.391465 
 4.5 – 5 1.163372 
 > 5 11.12704 
 < 1 45.55133 
 1 – 1.5 16.33032 
 1.5 – 2 8.793399 
 2 – 2.5 5.497137 
5747.25 2.5 – 3 3.768951 
 3 – 3.5 2.74278 
 3.5 – 4 2.084365 
 4 – 4.5 1.652318 
 4.5 – 5 1.323727 
 > 5 12.1606 
 < 1 44.935033 
 1 – 1.5 16.791921 
 1.5 – 2 8.953014 
 2 – 2.5 5.605271 
5749.5 2.5 – 3 3.817476 
 3 – 3.5 2.766427 
 3.5 – 4 2.099883 
 4 – 4.5 1.653057 
 4.5 – 5 1.302051 
 > 5 11.980787 
 < 1 45.887801 
 1 – 1.5 16.621221 
 1.5 – 2 8.877394 
 2 – 2.5 5.508221 
5750.3 2.5 – 3 3.712051 
 3 – 3.5 2.683416 
 3.5 – 4 2.038795 
 4 – 4.5 1.609951 
 4.5 – 5 1.271507 
 > 5 11.694562 
 < 1 49.960712 
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 1 – 1.5 14.820617 
 1.5 – 2 8.005173 
 2 – 2.5 5.031591 
5752.9 2.5 – 3 3.468933 
 3 – 3.5 2.543753 
 3.5 – 4 1.928198 
 4 – 4.5 1.517088 
 4.5 – 5 1.227662 
 > 5 11.401195 
 < 1 65.818339 
 1 – 1.5 10.546462 
 1.5 – 2 5.521769 
 2 – 2.5 3.370158 
5755.5 2.5 – 3 2.294723 
 3 – 3.5 1.673256 
 3.5 – 4 1.236037 
 4 – 4.5 0.986268 
 4.5 – 5 0.811626 
 > 5 7.646284 
 < 1 99.70811 
 1 – 1.5 0.190159 
 1.5 – 2 0.006651 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
 
Cooperation Time Window = 20 ms 
Table 3. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 20 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 67.384445 
 1 – 1.5 10.956093 
 1.5 – 2 5.527927 
 2 – 2.5 3.290597 
5743.5 2.5 – 3 2.20186 
 3 – 3.5 1.547386 
 3.5 – 4 1.164357 
 4 – 4.5 0.896114 
 4.5 – 5 0.712852 
 > 5 6.271568 
 < 1 51.417205 
 1 – 1.5 14.590061 
 1.5 – 2 7.689143 
 2 – 2.5 4.791428 
5745 2.5 – 3 3.292075 
 3 – 3.5 2.408276 
 3.5 – 4 1.845434 
 4 – 4.5 1.427428 
 4.5 – 5 1.18628 
 > 5 11.25759 
 < 1 42.887616 
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 1 – 1.5 17.66759 
 1.5 – 2 9.252787 
 2 – 2.5 5.769567 
5747.25 2.5 – 3 3.940883 
 3 – 3.5 2.835396 
 3.5 – 4 2.161217 
 4 – 4.5 1.705277 
 4.5 – 5 1.345403 
 > 5 12.339183 
 < 1 42.115401 
 1 – 1.5 18.206786 
 1.5 – 2 9.494673 
 2 – 2.5 5.841 
5749.5 2.5 – 3 3.989408 
 3 – 3.5 2.864216 
 3.5 – 4 2.189297 
 4 – 4.5 1.702814 
 4.5 – 5 1.351807 
 > 5 12.149517 
 < 1 43.160539 
 1 – 1.5 18.001108 
 1.5 – 2 9.373237 
 2 – 2.5 5.766611 
5750.3 2.5 – 3 3.866002 
 3 – 3.5 2.783669 
 3.5 – 4 2.118603 
 4 – 4.5 1.659215 
 4.5 – 5 1.314613 
 > 5 11.861322 
 < 1 47.843833 
 1 – 1.5 15.836689 
 1.5 – 2 8.392389 
 2 – 2.5 5.253033 
5752.9 2.5 – 3 3.587167 
 3 – 3.5 2.621836 
 3.5 – 4 1.999138 
 4 – 4.5 1.56586 
 4.5 – 5 1.251309 
 > 5 11.553667 
 < 1 64.57171 
 1 – 1.5 11.147731 
 1.5 – 2 5.7607 
 2 – 2.5 3.509083 
5755.5 2.5 – 3 2.377979 
 3 – 3.5 1.70577 
 3.5 – 4 1.273477 
 4 – 4.5 1.006959 
 4.5 – 5 0.837983 
 > 5 7.713529 
 < 1 99.659585 
 1 – 1.5 0.236468 
 1.5 – 2 0.008868 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
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Cooperation Time Window = 30 ms 
Table 4. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 30 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 66.151118 
 1 – 1.5 11.608597 
 1.5 – 2 5.773016 
 2 – 2.5 3.421886 
5743.5 2.5 – 3 2.251863 
 3 – 3.5 1.593202 
 3.5 – 4 1.197857 
 4 – 4.5 0.904243 
 4.5 – 5 0.726153 
 > 5 6.325266 
 < 1 49.474475 
 1 – 1.5 15.615001 
 1.5 – 2 8.051727 
 2 – 2.5 4.963606 
5745 2.5 – 3 3.399717 
 3 – 3.5 2.484389 
 3.5 – 4 1.873268 
 4 – 4.5 1.474475 
 4.5 – 5 1.203522 
 > 5 11.364739 
 < 1 40.126855 
 1 – 1.5 19.110044 
 1.5 – 2 9.810703 
 2 – 2.5 5.996921 
5747.25 2.5 – 3 4.091631 
 3 – 3.5 2.93688 
 3.5 – 4 2.224029 
 4 – 4.5 1.746413 
 4.5 – 5 1.381612 
 > 5 12.479833 
 < 1 39.152411 
 1 – 1.5 19.809594 
 1.5 – 2 10.049141 
 2 – 2.5 6.102346 
5749.5 2.5 – 3 4.139664 
 3 – 3.5 2.962744 
 3.5 – 4 2.25876 
 4 – 4.5 1.735329 
 4.5 – 5 1.394913 
 > 5 12.300018 
 < 1 40.27785 
 1 – 1.5 19.555638 
 1.5 – 2 9.92204 
 2 – 2.5 6.015641 
5750.3 2.5 – 3 4.015272 
 3 – 3.5 2.874069 
 3.5 – 4 2.192746 
 4 – 4.5 1.68705 
 4.5 – 5 1.355502 
 > 5 12.009114 
 < 1 45.587782 
 _______________________________________________________________________________________50 
 
 
 1 – 1.5 17.017058 
 1.5 – 2 8.815075 
 2 – 2.5 5.473736 
5752.9 2.5 – 3 3.703184 
 3 – 3.5 2.694501 
 3.5 – 4 2.038795 
 4 – 4.5 1.617834 
 4.5 – 5 1.285547 
 > 5 11.671408 
 < 1 63.312519 
 1 – 1.5 11.784223 
 1.5 – 2 6.023277 
 2 – 2.5 3.621898 
5755.5 2.5 – 3 2.449412 
 3 – 3.5 1.749861 
 3.5 – 4 1.31412 
 4 – 4.5 1.029374 
 4.5 – 5 0.842663 
 > 5 7.777573 
 < 1 99.624115 
 1 – 1.5 0.270953 
 1.5 – 2 0.009853 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
 
Cooperation Time Window = 40 ms 
Table 5. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 40 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 64.93922 
 1 – 1.5 12.28253 
 1.5 – 2 6.011454 
 2 – 2.5 3.512039 
5743.5 2.5 – 3 2.326744 
 3 – 3.5 1.623499 
 3.5 – 4 1.230864 
 4 – 4.5 0.922963 
 4.5 – 5 0.73773 
 > 5 6.366156 
 < 1 47.466716 
 1 – 1.5 16.756943 
 1.5 – 2 8.39633 
 2 – 2.5 5.13406 
5745 2.5 – 3 3.500708 
 3 – 3.5 2.549911 
 3.5 – 4 1.912926 
 4 – 4.5 1.502309 
 4.5 – 5 1.22175 
 > 5 11.463267 
 < 1 37.229386 
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 1 – 1.5 20.732557 
 1.5 – 2 10.370097 
 2 – 2.5 6.226245 
5747.25 2.5 – 3 4.227354 
 3 – 3.5 3.013486 
 3.5 – 4 2.304329 
 4 – 4.5 1.772769 
 4.5 – 5 1.42127 
 > 5 12.607427 
 < 1 35.927089 
 1 – 1.5 21.648131 
 1.5 – 2 10.654351 
 2 – 2.5 6.370343 
5749.5 2.5 – 3 4.288934 
 3 – 3.5 3.057577 
 3.5 – 4 2.31566 
 4 – 4.5 1.782622 
 4.5 – 5 1.428413 
 > 5 12.4318 
 < 1 37.122729 
 1 – 1.5 21.354024 
 1.5 – 2 10.505327 
 2 – 2.5 6.290781 
5750.3 2.5 – 3 4.154197 
 3 – 3.5 2.968902 
 3.5 – 4 2.252848 
 4 – 4.5 1.736067 
 4.5 – 5 1.386292 
 > 5 12.133752 
 < 1 43.145021 
 1 – 1.5 18.371082 
 1.5 – 2 9.256235 
 2 – 2.5 5.685079 
5752.9 2.5 – 3 3.837921 
 3 – 3.5 2.765934 
 3.5 – 4 2.096435 
 4 – 4.5 1.649116 
 4.5 – 5 1.310426 
 > 5 11.787672 
 < 1 62.041751 
 1 – 1.5 12.478601 
 1.5 – 2 6.259252 
 2 – 2.5 3.738654 
5755.5 2.5 – 3 2.519613 
 3 – 3.5 1.789519 
 3.5 – 4 1.339491 
 4 – 4.5 1.045631 
 4.5 – 5 0.859659 
 > 5 7.832748 
 < 1 99.58495 
 1 – 1.5 0.308393 
 1.5 – 2 0.011577 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
 _______________________________________________________________________________________52 
 
 
 
Cooperation Time Window = 50 ms 
Table 6. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 50 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 63.723382 
 1 – 1.5 12.994889 
 1.5 – 2 6.218117 
 2 – 2.5 3.626824 
5743.5 2.5 – 3 2.382166 
 3 – 3.5 1.664635 
 3.5 – 4 1.249092 
 4 – 4.5 0.937004 
 4.5 – 5 0.7498 
 > 5 6.407291 
 < 1 45.398116 
 1 – 1.5 17.948642 
 1.5 – 2 8.772708 
 2 – 2.5 5.299834 
5745 2.5 – 3 3.606133 
 3 – 3.5 2.611491 
 3.5 – 4 1.942484 
 4 – 4.5 1.536548 
 4.5 – 5 1.237515 
 > 5 11.55145 
 < 1 34.113923 
 1 – 1.5 22.54597 
 1.5 – 2 10.959296 
 2 – 2.5 6.49104 
5747.25 2.5 – 3 4.344603 
 3 – 3.5 3.109797 
 3.5 – 4 2.351869 
 4 – 4.5 1.813905 
 4.5 – 5 1.446148 
 > 5 12.72837 
 < 1 32.398547 
 1 – 1.5 23.766734 
 1.5 – 2 11.285917 
 2 – 2.5 6.656568 
5749.5 2.5 – 3 4.418499 
 3 – 3.5 3.168175 
 3.5 – 4 2.372314 
 4 – 4.5 1.819324 
 4.5 – 5 1.461174 
 > 5 12.55767 
 < 1 33.673748 
 1 – 1.5 23.406614 
 1.5 – 2 11.144775 
 2 – 2.5 6.561488 
5750.3 2.5 – 3 4.293121 
 3 – 3.5 3.069647 
 3.5 – 4 2.303836 
 4 – 4.5 1.772769 
 4.5 – 5 1.423487 
 > 5 12.255434 
 < 1 40.476384 
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 1 – 1.5 19.94778 
 1.5 – 2 9.736314 
 2 – 2.5 5.876224 
5752.9 2.5 – 3 3.968471 
 3 – 3.5 2.833672 
 3.5 – 4 2.156783 
 4 – 4.5 1.674241 
 4.5 – 5 1.338506 
 > 5 11.896545 
 < 1 60.713344 
 1 – 1.5 13.230618 
 1.5 – 2 6.50311 
 2 – 2.5 3.857873 
5755.5 2.5 – 3 2.579715 
 3 – 3.5 1.838044 
 3.5 – 4 1.367572 
 4 – 4.5 1.059671 
 4.5 – 5 0.867541 
 > 5 7.887431 
 < 1 99.53002 
 1 – 1.5 0.362338 
 1.5 – 2 0.012562 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
 
Cooperation Time Window = 60 ms 
Table 7. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 60 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 62.452121 
 1 – 1.5 13.74124 
 1.5 – 2 6.449412 
 2 – 2.5 3.737915 
5743.5 2.5 – 3 2.447441 
 3 – 3.5 1.694686 
 3.5 – 4 1.269783 
 4 – 4.5 0.951783 
 4.5 – 5 0.76852 
 > 5 6.440298 
 < 1 43.227785 
 1 – 1.5 19.235667 
 1.5 – 2 9.161155 
 2 – 2.5 5.499107 
5745 2.5 – 3 3.68668 
 3 – 3.5 2.651395 
 3.5 – 4 1.991009 
 4 – 4.5 1.576205 
 4.5 – 5 1.245151 
 > 5 11.630765 
 < 1 30.808301 
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 1 – 1.5 24.522692 
 1.5 – 2 11.57756 
 2 – 2.5 6.75682 
5747.25 2.5 – 3 4.486237 
 3 – 3.5 3.188374 
 3.5 – 4 2.410247 
 4 – 4.5 1.841 
 4.5 – 5 1.475953 
 > 5 12.837736 
 < 1 28.687973 
 1 – 1.5 26.07328 
 1.5 – 2 11.932016 
 2 – 2.5 6.93959 
5749.5 2.5 – 3 4.555207 
 3 – 3.5 3.263501 
 3.5 – 4 2.421578 
 4 – 4.5 1.86243 
 4.5 – 5 1.487776 
 > 5 12.681569 
 < 1 29.998645 
 1 – 1.5 25.694439 
 1.5 – 2 11.780528 
 2 – 2.5 6.841308 
5750.3 2.5 – 3 4.433524 
 3 – 3.5 3.167683 
 3.5 – 4 2.352608 
 4 – 4.5 1.81021 
 4.5 – 5 1.44467 
 > 5 12.381304 
 < 1 37.635076 
 1 – 1.5 21.658969 
 1.5 – 2 10.288072 
 2 – 2.5 6.048156 
5752.9 2.5 – 3 4.101977 
 3 – 3.5 2.901903 
 3.5 – 4 2.214915 
 4 – 4.5 1.690745 
 4.5 – 5 1.372498 
 > 5 11.99261 
 < 1 59.367202 
 1 – 1.5 14.006774 
 1.5 – 2 6.757313 
 2 – 2.5 3.978324 
5755.5 2.5 – 3 2.627748 
 3 – 3.5 1.88115 
 3.5 – 4 1.39516 
 4 – 4.5 1.074697 
 4.5 – 5 0.876409 
 > 5 7.940144 
 < 1 99.475091 
 1 – 1.5 0.416282 
 1.5 – 2 0.013548 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
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Cooperation Time Window = 70 ms 
Table 8. Raw Results of % of Area Occupied by Different Energy Ranges at Different Levels with Tc = 70 ms. 
Horizontal Plan Level (m) Energy Range (kg/t) % of Area Occupied 
 < 1 61.213622 
 1 – 1.5 14.486853 
 1.5 – 2 6.666174 
 2 – 2.5 3.858366 
5743.5 2.5 – 3 2.488331 
 3 – 3.5 1.731387 
 3.5 – 4 1.284808 
 4 – 4.5 0.974198 
 4.5 – 5 0.769752 
 > 5 6.479709 
 < 1 41.012624 
 1 – 1.5 20.611614 
 1.5 – 2 9.54714 
 2 – 2.5 5.665373 
5745 2.5 – 3 3.768705 
 3 – 3.5 2.709034 
 3.5 – 4 2.022292 
 4 – 4.5 1.597882 
 4.5 – 5 1.262886 
 > 5 11.707371 
 < 1 27.375824 
 1 – 1.5 26.672332 
 1.5 – 2 12.192623 
 2 – 2.5 6.997722 
5747.25 2.5 – 3 4.604963 
 3 – 3.5 3.279759 
 3.5 – 4 2.458526 
 4 – 4.5 1.880411 
 4.5 – 5 1.499353 
 > 5 12.943408 
 < 1 24.863846 
 1 – 1.5 28.426381 
 1.5 – 2 12.661863 
 2 – 2.5 7.220888 
5749.5 2.5 – 3 4.701767 
 3 – 3.5 3.341092 
 3.5 – 4 2.478478 
 4 – 4.5 1.90258 
 4.5 – 5 1.505758 
 > 5 12.802266 
 < 1 26.207032 
 1 – 1.5 28.042367 
 1.5 – 2 12.484513 
 2 – 2.5 7.130981 
5750.3 2.5 – 3 4.573681 
 3 – 3.5 3.25291 
 3.5 – 4 2.403843 
 4 – 4.5 1.847158 
 4.5 – 5 1.46413 
 > 5 12.498307 
 < 1 34.724059 
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 1 – 1.5 23.453415 
 1.5 – 2 10.796724 
 2 – 2.5 6.294476 
5752.9 2.5 – 3 4.201737 
 3 – 3.5 2.976538 
 3.5 – 4 2.261716 
 4 – 4.5 1.722027 
 4.5 – 5 1.389987 
 > 5 12.084242 
 < 1 57.969333 
 1 – 1.5 14.872837 
 1.5 – 2 6.992056 
 2 – 2.5 4.092617 
5755.5 2.5 – 3 2.683663 
 3 – 3.5 1.906521 
 3.5 – 4 1.431123 
 4 – 4.5 1.085042 
 4.5 – 5 0.885276 
 > 5 7.986452 
 < 1 99.417698 
 1 – 1.5 0.470472 
 1.5 – 2 0.01675 
 2 – 2.5 0 
5758 2.5 – 3 0 
 3 – 3.5 0 
 3.5 – 4 0 
 4 – 4.5 0 
 4.5 – 5 0 
 > 5 0 
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APPENDIX C: RAW RESULTS SELECTION BASED ON MID-BENCH LEVEL AND 
GRADE LEVEL 
1. The results of mid-bench level 5752.9 m for every cooperation time window are selected  
2. In Excel, create an spreadsheet and name it as “ < 1 kg/t” (as an example) 
3. Create x column with title “Cooperation Time (ms)”, fill in 10, 20, 30, 40, 50, 60 and 
70 
4. Create y column with title “% of Area at Mid-bench Level”; in each cell corresponding 
to different cooperation time window, fill in the percentage occupied by 4D energy 
range < 1 kg/t at level 5752.9 m.  
5. Repeat steps 1 to 4 with grade level of 5745 m 
6. Repeat steps 1 to 5 and to select and plot results selected for index energy range, when 
the index energy range is decided.  
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APPENDIX D: RAW RESULTS MANIPULATION – AVERAGING 4D ENERGY RANGE 
PERCENTAGES  
1. The results of horizontal levels 5743.5 m to 5755.5 m are selected  
2. In Excel, create an spreadsheet and name it as “ < 1 kg/t” (as an example) 
3. Create x column with title “Cooperation Time (ms)”, fill in 10, 20, 30, 40, 50, 60 and 
70 as shown in Table 9. 
4. Create y column with title “Average % of Area Along the Charge” as shown in Table 
9; in each cell corresponding to different cooperation time window, fill in the average 
value of percentage occupied by 4D energy range < 1 kg/t at seven levels (percentages 
at level 5743.5 m, 5745 m , 5747.25 m , 5749.5 m, 5750.3 m, 5752.9 m and 5755.5 m). 
For example, to fill up the cell with cooperation time 30, locate Table 4 in Appendix B: 
Raw Results under Different Scenarios, and calculate the average value of the numbers 
highlighted in red colour.  
Table 9. A Table showing x Column (left) and y Column (right) in Raw Results Manipulation. 
Cooperation 
Time (ms) 
Ave. % of Area Along 
the Charge 
10 53.46043486 
20 51.340107 
30 49.15471571 
40 46.83884457 
50 44.35677771 
60 41.73958614 
70 39.05233429 
 
5. Plot the x and y column as shown in Figure 25. 
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Figure 25. 0 - 1kg/t Average % of Area Along the Charge under Different Cooperation Time. 
6. Repeat steps 1 to 5 and calculate the average 4D energy range percentages for index 
energy range, when the index energy range is decided.  
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APPENDIX E: BLAST DESIGN PARAMETER OF A SAMPLE BLAST DESIGN USED 
AS AN EXAMPLE 
Table 10. Blast Design Parameter of a Sample Blast Design Used as An Example. 
Parameters Values 
Hole Diameter 200 mm 
Burden X Spacing 5 m x 6 m 
Drill Pattern Squared 
Subdrill 2.5 m 
Ave. Hole Length 22.5 m 
Ave. Charge Length 17.5 m 
Average Bench Height 20 m 
Bottom of Charge Level  -20 m 
Mid-bench Level -10 m 
Bench Material Density (S.G.) 3.0 
Tmin  30 ms 
Charge Name ANFO 0.8 
Charge Type Bulk Explosive 
Charge Density (S.G.) 0.8 
Velocity of Detonation 3800 m/s 
Charge Energy 3.78 MJ/kg 
Major Inter-row Delay 100 ms 
Major Inter-hole Delay (dt) before Modification 50 ms 
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APPENDIX F: PROJECT RISK ASSESSMENT AND MANAGEMENT 
The hazards and associated risks of this research project is state in this section. Categories of 
hazard probability and impact have been established. Probability of hazard occurrence is 
categorised from VL to VH as shown in Table 11. The impact of hazard is categorised from N 
to C as shown in Table 12.  Based on these categories, the risk rating system is developed as 
well. Table 13 displays the risk rating of different combinations of occurrence probability and 
impacts, by indicating numbers from 1 to 5. The hazards identified for this particular project 
are consist of potential technical issues, human errors and misunderstandings of project. 
Table 11. Category of Hazard Probability. 
Category Percentage of Probability (%) 
VL 0 - 20 
L 21 - 40 
M 41 - 60 
H 61 - 80 
VH 81 - 100 
 
Table 12. Category of Hazard Impact. 
Category Definition of Impact 
N Negligible impacts on project 
S Slight reduction of project quality 
MO Moderate reduction of project quality 
MA Major reduction of project quality – Poor project 
C Catastrophic - Incomplete project 
 
Table 13. Rating Criteria of Hazards’ Risk. 
Probability Impact 
N S MO MA C 
VL 1 2 2 3 4 
L 1 3 3 4 5 
M 1 3 3 4 5 
H 2 3 4 5 5 
VH 2 3 4 5 5 
 
Table 14 identifies potential hazards of the research project associated with technical issues, 
human errors and misunderstanding of the project. The direct consequences of each hazard and 
controls/preventions are listed as well. 
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Table 14. Potential hazards and risks associated with the project. 
Hazard Probability Direct Consequence Impact Rating Control & Prevention 
Failure of 
developing criteria 
for 4D energy 
distribution and 
delay timing 
M Could not achieve the 
project aim 
MA 4 List all parameters 
proposed to be used to 
develop criteria; check 
with supervisor about 
the criteria 
      
Literature research 
is not 
comprehensive 
and critically 
analysed  
M Lack of supporting 
literature to develop 
criteria  
MO 3 Conduct more research 
and discuss with 
supervisor 
      
Research 
objectives are not 
clearly defined or 
defined wrongly 
L Delay of key tasks; 
Losing marks 
MO 3 Communicate with 
supervisor frequently 
and confirm the 
objectives 
      
Misunderstanding 
of supervisor’s 
comments and 
recommendations 
 
L Losing marks; reduction 
of project quality 
MO 3 Communicate with 
supervisor clearly and in 
detail 
Collection of data 
is not enough 
M Failure to develop 
criteria for delay timing 
and 4Denergy 
distribution 
S 3 Spend more time on 
running more 
simulations and improve 
time management plan 
      
Delay of 
completing key 
tasks, milestones 
and critical paths 
due to busy 
schedule 
M Incomplete project; Late 
submission 
MA 4 Better time 
management, construct 
comprehensive plan  
      
Project schedule 
changes frequently 
M Delay of completion of 
key tasks 
N 1 Better time management 
      
Late submission of 
reports due to 
traffic or illness 
L Losing marks MA 4 Better time management 
      
Data collection is 
slow 
H Delay of completing 
simulations 
N 2 Increase collection 
speed and efficiency 
      
Researcher is 
injured or sick 
L Delay of completion of 
key tasks; late 
submission 
MO 3 Stay safe and seek 
doctor’s help 
      
JKSimBlast 
software technical 
issues 
M Failure to conduct 
simulations or obtain 
data 
S 3 Asking Mr. Mike Higgins 
or supervisor for help 
      
      
Computer platform 
is not working or 
L Failure to conduct 
simulations of obtain 
MA 4 Regular check on 
hardware and conduct 
maintenance 
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completely 
collapsed  
data; Incomplete 
reports or project 
      
Data collection is 
stopped or 
interrupted due to 
power outage 
L Delay of completing 
simulations and 
obtaining data; same 
simulation is repeated 
unnecessarily  
MA 4 Ensure enough battery 
charged in laptop 
Computer lagging 
during blast 
simulation (laptop 
spec too poor) 
VH Delay of completing 
simulations and 
obtaining data 
MO 4 Close down all 
unnecessary computer 
programs during data 
collection 
      
Energy distribution 
calculation failure 
due to interruption 
of minimizing 
window or another 
program 
H Losing simulation data 
for a particular scenario 
MA 5 Leave the software 
window open during 
calculation and do not 
move mouse or cursor 
at all 
      
Misreading of data 
 
 
L Criteria developed with 
incorrect parameters 
S 3 Read data carefully and 
check over after 
recording 
      
Loss of data 
storage (USB) 
L Losing all simulations, 
reports, project files 
C 5 Keep data storage in a 
secured place; upload 
all simulation files, 
reports, literature 
research and working 
folders to cloud drives 
(Dropbox, Google Drive, 
Facebook, Email, Baidu 
Cloud etc.); backup all 
files into local drives, 
UQ’s computers, hard 
drives and other USBs. 
      
      
Loss of software 
dongle 
 
VL Could not conduct 
simulations anymore; 
major budget increase 
C 4 Keep dongle om a 
secured place and pay 
attention on it (wallet, 
backpack etc.) 
      
      
 
 
 
